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論文内容要約 
Electric power is indispensable for our life and industry. Especially, thermal power generation has occupied more than 50% of 
the total installed capacity and electric energy of power generation in Japan since 1965. In other words, thermal power generation has 
taken the central role in power generation in Japan. 
Recently, it is strongly required to improve the thermal efficiency of thermal power generation from the viewpoint of reduction 
of greenhouse gas emission and effective utilization of fossil fuels. The increases in steam temperature and pressure are the most 
effective ways for the improvement of thermal efficiency of steam-power generation. In Japan in the late 1940s, the steam conditions 
and the thermal efficiency of coal-fired power generation plants are 5.9MPa / 482°C and about 30%, respectively. After that, the steam 
conditions rapidly improved through the development of new materials and the progress in the power generation technology. In 1967, 
unit 1 of Anegasaki thermal power station which introduced the Japan's first super-critical (SC) steam conditions (24.1MPa / 538°C / 
538°C) started operation. Then, in 1993, unit 3 of Hekinan thermal power station which introduced the ultra super-critical (USC) 
steam conditions (24.1MPa / 538°C / 593°C) commenced commercial operation. As of 2013, the steam conditions and thermal 
efficiency have already reached 25.0MPa / 600°C / 620°C and 45% at new unit 2 of Isogo thermal power station which commenced 
commercial operation in 2009. 
The developments of new materials which have more excellent creep strength play a very important role in the increases in 
steam temperature and pressure. In the United States in 1978, Oak Ridge National Laboratory (ORNL) and Combustion Engineering 
(CE) developed modified 9Cr-1Mo steel (ASME T91 / P91, JIS STBA28 / STAPA28), which results in the worldwide construction of 
USC power plant. Furthermore, in Japan in 1985, 9Cr-0.5Mo-1.8WVNb steel (NF616, ASME T92 / P92, JIS STBA29 / STPA29) 
which have more excellent creep strength than P91 was developed. These 9Cr ferritic heat-resistant steels were widely used as boiler 
components and steam piping in the USC power plants. 
Coal-fired thermal power plants with large capacity (USC steam conditions) and gas turbine combined cycle (GTCC) plants 
are operating as main thermal power plants in current Japan. On the other hand, aging thermal power plants which have already been 
operating over 100,000 hours are used at the peak of electric power demand. And, these aging thermal power plants occupy more than 
70% of the total installed capacity of thermal power generation. Additionally, aging thermal power plants under the long-term 
scheduled stopping resumed operations after the Great East Japan Earthquake in 2011. Therefore, it is very important to assess the 
structural health of plants accurately and to ensure the safety of plants. 
High-temperature components used in thermal power plants are designed based on 100,000 hours creep strength of materials 
used. However, it is difficult to assess the creep strength by conducting the long-term creep tests over 100,000 hours. Therefore, 
long-term creep strength is extrapolated from the short-term creep rupture data obtained by temperature or/and stress accelerated creep 
tests using Time-Temperature Parameter (TTP) methods such as Larson-Miller parameter, Orr-Sherby-Dorn parameter, 
Manson-Succop parameter and Manson-Haferd parameter. These methods did not cause problems as for existing materials such as 
2.25Cr-1Mo steel. However, it has been claimed that the actual long-term creep strength of high Cr ferritic steels used in USC power 
plants, such as P91, P92 and P122 steels, is lower than what is predicted by the conventional TTP methods from short-term creep 
rupture data. 
The reduction of creep strength for weldment is also an important problem. Especially, type IV cracking which caused in the 
fine-grained heat-affected zone (FG-HAZ) of high Cr ferritic steels used in USC power plants, such as P91, P92 and P122 steels, is a 
critical problem. These materials have a tempered martensitic structure, which have a high density of dislocations and various 
precipitates, and show much more excellent creep resistance than existing ferritic steels. Due to the excellent creep resistance, the 
reduction of creep strength for weldment becomes typical. 
The effect of multi-axial stress on creep strength is also discussed. In general, the creep strength is assessed using smooth 
specimens under uniaxial stress conditions. However, when a component is used in the actual plant, the multi-axial stress field is 
caused due to the complicated three-dimensional structure. Furthermore, it is reported that the high multi-axial stress field is caused in 
the FG-HAZ of welded joint (WJ). It is known that the high multi-axial stress decrease the ductility of materials and this phenomenon 
is called “structural brittleness”. From the mentioned above, it is important to investigate the creep damage behaviors of advanced 
high Cr ferritic steels under the multi-axial stress field and to clarify the effect of multi-axial stress on creep damage behavior, creep 
fracture life and creep ductility. Also, concerning the assessment methods of creep strength and remaining life, it is necessary to take 
into account the effect of multi-axial stress field. 
In this study, macro and micro creep damage behaviors of P92 steel under the multi-axial stress conditions were investigated 
experimentally by interrupted creep tests using notched specimens and analytically by three-dimensional stress induced vacancy 
diffusion analyses. Furthermore, the fracture life law of notched specimens for 9Cr steels (P91 and P92) including WJ was established 
on the basis of Q
*
 concept. The conclusions of this study are summarized as follows. 
 
1. In chapter 2, the interrupted creep tests of P92 steel were conducted using 1 inch C(T) specimen with 25% side-grooves and 
circular notched round bar (CN) specimen which causes the local multi-axial stress field. Then, macro and micro creep damage 
behaviors of P92 steel around the notch tip were experimentally investigated by conducting cross-sectional observations of each 
interrupted specimen. The following results were obtained. 
1-1. In the case of C(T) specimen, the creep crack growth (CCG) behaviors at the center plane of thickness direction and at the 
plane near the side-groove were different. The creep crack path showed the periodic convexo-concave manner, which called 
“fracture-unit area (FA) cracking”, at the center plane. On the other hand, the creep crack grew in a linear manner at the side 
plane. Also, it was shown that the creep crack of 1 inch C(T) specimen with 25% side-grooves for P92 steel preferentially grew 
near the side-groove on the ligament plane. 
1-2. In the case of CN specimen, the creep crack has not been initiated at the final stage of the creep fracture life. However, the 
initiation and growth of creep voids were observed around the notch tip. And it was indicated that the direct current potential 
drop (DCPD) method enabled us to detect not only the macro-crack growth but also the creep damage formation such as creep 
voids. In addition, it was also indicated that the hardness reduction was easily detected at an earlier stage than the void 
formation. 
 
2. In chapter 3, the three-dimensional stress induced vacancy diffusion analyses were conducted to clarify the three-dimensional 
diffusion behavior of vacancies (micro-creep damage behavior) which related to the macro-creep damage such as void formation 
and crack growth. The following results were obtained. 
2-1. On the ligament plane of 1 inch C(T) specimen with 25% side-grooves, vacancies remarkably accumulated at the corner of the 
bottoms of notch and side-groove. This result corresponded to the experimental result of the preferential CCG at the side plane. 
Also, in the case of CN specimen, the analytical result of the distribution of vacancy concentration corresponded with the 
experimental result of the distribution of void area fraction, which indicated that creep voids were formed at the region of high 
vacancy concentration. These results indicate that the three-dimensional stress induced vacancy diffusion analysis enable us to 
predict CCG and creep void formation behaviors. 
2-2. The most appropriate depth of side-grooves for 1 inch C(T) specimen of P92 steel, which cause the uniform CCG on the 
ligament plane, was predicted by three-dimensional stress induced vacancy diffusion analysis. As a result, the most appropriate 
depth of side-grooves, which uniformly distributed the micro-creep damage in the thickness direction, was estimated as 10% 
for 1 inch C(T) specimen of P92 steel. 
 
3. In chapter 4, the distributions of triaxiality factor (TF) for 1 inch C(T) and CN specimens were calculated by elastic-plastic creep 
finite element analyses. Then, the effect of multi-axial stress on creep damage behavior was clarified by comparison of the 
analytical results of stress distributions with the experimental results of creep damage behaviors shown in chapter 2. Additionally, 
estimation of creep ductility was conducted concerning the results of creep tests of base metal (BM) of P92 steels used in chapter 2 
and round robin tests (RRT) of BM and WJ of P91 and P92 steels which were carried out in the Versailles Project on Advanced 
Materials and Standards (VAMAS) technical working areas (TWA) 31. And occurrence mechanisms of structural brittleness were 
discussed from the relationship between the creep ductility and TF. The following results were obtained. 
3-1. The distributions of hydrostatic stress, TF and vacancy concentration corresponded with the distribution of void area fraction. 
This result indicates that creep voids are formed by the accumulation of vacancies induced by the multi-axial stress field. In 
addition, the regions of high equivalent stress and high inelastic strain were in good agreement with the region where the 
hardness reduction occurred. 
3-2. As a result of estimation of creep ductility using QL
*
 parameter, there was no difference of creep ductility between P91 and 
P92 and little difference of creep ductility between 1/2 inch C(T) specimen and CN specimen. However, the creep ductility of 
WJ was lower than that of BM for each material and specimen. Then, the distributions of TF for 1/2 inch C(T) and CN 
specimens of WJ were calculated by elastic-plastic creep finite element analyses. As a result, the value of TF of WJ was higher 
than that of BM and the gradient of TF of WJ was more gradual than that of BM. Therefore, in the case of WJ, creep voids 
were widely formed at not only crack tip but also inside the specimens from the early stage of creep fracture life. This is the 
reason why the reduction of creep ductility of WJ occurred. 
4. In chapter 5, the characteristics of CCG and load line displacement (LLD) plotted by creep life fraction of BM were compared 
with that of WJ about 1/2 inch C(T) specimens of P91 and P92 used in the RRT. Furthermore, the fracture life law of notched 
specimens for 9Cr steels (P91 and P92) including WJ was established on the basis of Q
*
 concept. The following results were 
obtained. 
4-1. The characteristics of CCG and LLD plotted by creep life fraction of WJ were more brittle than that of BM. And it was 
clarified that the characteristics of LLD plotted by creep life fraction were affected by temperature and stress and became more 
ductile with higher temperature and stress. On the other hand, the characteristics of CCG plotted by creep life fraction were not 
affected by temperature and stress. 
4-2. From the experimental data of BM of P92 steel, Q
*
 parameters of 1/2 inch C(T) and CN specimens were derived as follows. 
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Then, it was indicated that the steady-state creep crack growth rates (CCGR) of each material and specimen were estimated by 
these Q
*
 parameters. Furthermore, it was also indicated that the steady-state CCGR were almost the same under the same value 
of Q
*
 regardless of materials (P91 or P92, BM or WJ). 
4-3. It was shown that the creep fracture life could be estimated by an identical Q
*
 parameter regardless of materials (P91 or P92, 
BM or WJ) and specimen types (1 inch C(T) specimen or 1/2 inch C(T) specimen or CN specimen). And the fracture life law 
of notched specimens for 9Cr steels including WJ was established as follows. 
  










 

RT
KBABQA
t
inTC
f
3
***
)(
** 10394ln5.6expexp
1
 
where, A
**
 is a constant related to the fracture toughness affected by the material structure (added element, microstructural evolution 
due to the aging), multi-axial stress state (BM or WJ) and specimen thickness. B is a constant containing the effect of difference of 
creep damage behaviors due to the specimen types which closely concerned the multi-axial stress. 
 
